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INVESTIGATION OF HOLOGRAPHIC DIFFRACTION GRATINGS
FOR STAR SPECTROSCOPY

Gunter Schmahl
University Observatory, G6ttingen

Summarg

Due to the necessity in star spectroscopy, iIn particular 1n
star spectroscopy of high spectral resocolutleon with the use of
large telescopes, of introducing large diffraction gratings of as
high a quality as possible, the author, together with D. Rudolph,
proposed in the year 1967 tec build such gratings by holographic
means with the use of laser light and photoresistant emulsions.
In this work, that method is summarized together with the experi-
ments carried out in the optical laboratorles of the University
of Gottingen Observatory and the results attained. In particular,
the accuracy of the interference fields used, the storage medium,
the laser used, and the experimental setup are pgone into. In
addition, the test results for holographically produced planar
reflection gratings up to an edge length of 180 mm, such as are
suitable for star spectroscopy, are discussed. In addition to
the discussion of holographic concave gratings with unequally
spaced groovesnand the possibilities for their use in astronomy,
the question 1s gone 1ntoof what grating size can be realized
with the method discussed for Coudé spectrographs from large
telescopes.

A part of the results presented here has already been pub-

lished by the author, together with D. Rudolph, 1in the works
mentioned in the References sectlon.
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1. Presentation of the Astronomie Problem /1%

In order to be able to view ever weaker and further distant
objects 'in astronomical research, ever larger and more powerful
telescopes have been built in the course of the development of
astronomic instruments. This 1s true not only for astronomy in
the visible region of the spectrum, rather also for x-ray, ultra-
violet, infrared, and radio astronomy.

For investigations in the visible region of the spectrum, the
5'm telescope on Mt. Palomar, the 3 m telescope of the Lick Obser-
vatory, and the 2.5 m telescope on Mt. Wilson were for a long time
the only large instruments with mirror diameters > 2.5 m. In the
near future, the number of large telescopes on the earth wlll grow
very fast. Thus, in addition to the recently completed 6 m tele-
scope of the Zwlinchuk Observatory in the Scoviet Union, eight
further large telescopes with mirror diameters between 3.5 and 4 m
are under construction or in the planning stages, for example, the
3.6 m telescope of the European Southern Observatory (ESO) and
the 3.5 m telescope of the Max Planck Institute for Astronomy [1].
In addition, several instruments of medium size are under con-
struction or in the planning stages. As an example, we name the
two 2.2 m telescopes of the Max Planck Institute in Heidelberg.

Large telescopes can only be optimally used 1if the accessory
apparatus for the recording and analysls of the arriving radiation,
such as photographic plates, photomultiplies, spectrographs, spec=
trometers, interferometers, photometers, polarimeters, electronic
cameras, etc., are optimally designed. Parallel to the further

¥Numbers in the margin 1ndicate pagination in the foreign text.



development into the construction of the telescope, one should
thus strive to equip the telescope with modern accessory equip-
ment reflecting the state of the art.

A large part of the observation time on large telescopes 1is-
used to obtain star spectra. The reason for this 1s that the
spectra give the pgreatest quantity of information on the heavenly /2
bodies. Thus, from the intensity plot of the continuous spectrum
can be galned information on the temperature; from the intensity
and form of the lines can be gained information on the temperature,
gas, and electron pressure, chemical composition, gravitation,
isotope ratios of the chemical elements, and circulation in the
star's atmosphere. 1In addition, the position of the spectral
lines in the spectrum gives information in the motion of the star
by means of the Doppler effect, on the gravitational field by
means of the relativistic red shift, and on the magnetic field by
means of the Zeeman Effect. Conditions in interstellar space may
be studied with the aid of t£the interstellar lines.

To obtain the spectrum, as concerns the telescope, there are
as a rule the three possibilities, of working 1in primary focus,
in Cassegrain focus, or in Coudé focus. Which of the three pos-
sibilities comes into question depends on the brightness of the
heavenly body to be investigated and on the spectral resolution
desired. Thus, only spectra with limited spectral resclution can
be obtained from very weak objects in primary focus, while it
is possible for bright objects to obtain spectra with high spec-
tral resolution by means of the Coudé setup.

Whether spectrographs or spectrometers such as interferometers
are used to obtain the spectra depends on the brightness of the
object to be investigated, on the desired spectral resolution, on
the spectral region, on the desired photometric accuracy, and in
particular, on the number of spectral elements desired, thus on
the bandwidth of the spectrum. Thus, 1t is for example preferable
in the study of interstellar lines, for which only a small range
of wavelengths must be investligated, to work with the spectrometer,
in order to be able to take advantage of the high efficiency of
photoelectric receivers; while in the investigation of absorption
spectra of stars, spectrographic treatment is preferable, since it
is possible with a photographic plate to record a large spectral /3
region at once. T

The discussion of the spectrographic equipping of large tele-
scopes for high resolution spectroscopy has in recent years resulted
in essentially the following picture: It 1is still meaningful to
construct a Coudé laboratory with a large grating spectrograph for
Coudé focus. 1In addition, the laboratory should contaln space for
spectrometers as well as grating spectrometers, Fabry-Perot spec-
trometers, multiplexlng spectrometers, and accessory equipment.



The advantapges and dlsadvantages of the indivldual methods for
obtaining spectra shall not be gone into more deeply here. In
particular, we shall refraln from the further discussion of Fabry-
Perot spectrometers, Michelson spectrometers, etc.

In the spectrographs commonly in use 1in astronomy,diffraction
gratings are used almost exclusively as the dlspersing element.
The reason for this is that grating apparatus is far superior to
the prism apparatus used earlier with respect to both the product
of the light intensity by the resolution and to the thermal situa-
tion. '

In contrast to most cases in laboratory spectroscopy, in
astronomy one is concerned largely with absorption spectra, that
is with spectra in which the spectral lines occur in absorption.
Here, the following problem arlses:

The most important information 1is obtained in the analysis of
star spectra from the line profiles, from the equivalent widths
of weak lines, and from residual intensities. All these values
are adulterated by the influence of the spectrograph, by the
apparatus profile. Griffin [2] in particular has shown this in
the discussion of the Arcturus Atlas and has given impressive
examples. In order to keep the adulteration as small as possible,
one must strive to keep the apparatus profile of the spectrograph,
which is largely determined by thediffraction grating used, as
close as possible to the theoretical apparatus profile given by
the diffraction from a mistake-free grating. That means in par-
ticular, that the apparatus profile should be symmetric -- asym- /4
metries in the apparatus profile lead, for example, to shifts in
the point of wavelength concentration of a line -- and should have
only very weak variations near the center of the line and at great
distances from the center of the line (stray light in the dispersion
direction). All three requirements are normally not sufficiently
fulfilled with thediffraction gratings available to date.

As an example, a continuous spectrum with a bandwidth of 50 A
is observed, an apparatus profile with a half width of 50 mA and a
continuous stray light with I/Ig = 10-4 [3], as was measured by us
with gratings produced mechanically and checked with an interfero-
meter. Under such conditions, the residual intensity of an absorp-
tion line, the true value of which was I = 0.1-Ix, was changed by
100%.

In the construction of large Coudé grating spectrographs, the
well-known difficulty also arises of adjusting the spectrographs
on the telescope in such a way that as little 1light as possible is
lost. According to Fellgett [4], the problem may be sketched in
the followlng way: :
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Fig. 1. For the fitting of a spectrograph on a telescope.

Key: 1. Telescope ' 3. Collimator
2. Aperture 4. Grating

Above is a grating in a Littrow setup, ¢f. Fig. 1. The phase dif- /5
ference between two rays, which come from the first and last

grating lines, is b. The number of wavelengths in the distance b

is b-v, here v = 1/A is the wavelength. If the number of waves

is changed by dv in the rotation of the grating by di, then the
number of wavelengths along b changes by d(vb) = v-db + b.dv.

With db = A-di follows d(vb) = vA-di + b.dv. With d{(vb) = 0 follows
for the angle dispersion di/dv = b/vA. If 6 is the angle covered

by the rays passing through the aperture of the collimator, then

we have for the resolution R = v/dv = b/8.A. In the focus of a
large telescope, the size and brightness distribution of a point
object, thus a star, is no longer determined by the deviation of

the telescope optics, but rather by alr disturbances (seeing).

One can therefore associate wlith a star a certain angle ¢ in the

sky determined by the seeing, for example, with very good seeing

an angle of o = 1". Then the diameter of the star disk at the

point of the entrance aperture s = Fo. 1If all light is to pass
through the aperture, s = Fo = f68. With f/F = A/D follows ¢ = (A-8)/
/D = b/(D-R) or o-R = b/D = (2A-tgi)/D. This means: the larger

the telescope used, the greater the spectral resolution and the
poorer the seeling is, the larger b must be. For example, for D =

= 3.5m, R=25.104 and 0 = 1" b/2 = Atgi = 42 cm, and for D = 2.2 m, .
R = 6-10% and o = 1" b/2 = 26.5 cm.

In summary can be said: in star spectroscopy of high resolu-
tion, in which as many spectral elements as possible are photo-
graphed at the same time, grating spectrographs are necessary wlth
gratings which must have large values of A-tgl of nearly the theore-
tical apparatus profile, in order to be able to take the greatest
possible spectrographic advantage of the light coming from the
telescope, In addition, such gratings should naturally have as
great an efficlengy as possible, that is to say, as much of the
entering light as possible should be diffractedat the.'diffraction
angle being used.



2. Characterization of a Spectrographic Diffraction Grating /Gb

For the illumination of the notations used in this work,
we first note the most important relations for spectrographlc
reflection gratings (cf., for example, [5, 6]).

Fokalebe[ne der Kamera

s 2 abgebeugle monodromatische

/ parallele Weilenfront

.Fig. 2.

Key: 1. Focal plane of the camera
2. Reflected monochromatic parallel wavefront
3. Grating

If a parallel wave front at an angle i falls on a planar reflection
. grating G with the grating constant a ¢f. Fig. 2), and if a
parallel wave front of wavelength A is reflected in the m-th order
at an angle 1', then we have

8in i + sin il. ﬂasi

i' is taken as positive, if 1 and i' lie on the same slde of the
normal to the grating.

For the angle dispersion § follows at a constant incidence‘
angle, that 1s di = 0,
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In a Littrow setup, where 1 = i', we get
) /1
§ = Ai Z'{Zi"
A A
. . . s _ di?
The 1linear dispersion, for example measured in mm/A, is L = ax

where f is the focal length of the camera. The free spectral region
FS, that is the region in which a single order can be obtalned
without overlapplng wavelengths from other diffraction orders, is:

= .._ :’1 i - 1 -
FS =A  ~A . = Amin - ‘%‘f;

In the following, it 1s assumed that a grating is used in a spec-
trograph the entrance aperture of which 1s infinitely small and
which is incoherently illuminated. = '

By the Rayleigh criterion, two neighboring spectral lines of
wavelengths A and A + A} can be separated, if the maximum of the
diffraction figure of the first line falls in the flrst minimum of
the diffraction figure of the other line. For a monochromatic
parallel wave front of width A = W cos 1i', the first diffraction
minimum (ef. Fig. 2) lies at:

Then it follows for resoclution R that:

a 2 W or e -
Re Bes Ll simi b atnid) = Ay




or R = A.6. Here W = N.a, N = the number of grating lines, m =
=diffraction order. _

The intensity distribution in the focal plane for a mono-
chromatic, parallel wave front is arrived at as follows. Let

/3=;7£.=££_
%o Nt

be the angular coordinate in the diffraction figure in the focal
plane, measured from the center of the diffraction figure, and let
n = uw/(A/2) be the normalized width of the diffracted wave.front
(¢f. Fig. 2). Thus, at the edge of the wave front, n takes the
values +1 and -1. Purther, let ﬁzf/f) be the complex amplitude 1in

the diffraction figure, g(n) be the complex amplitude in the diffrac-
ted monochromatic parallel wave front. Then we have

oup) - [ gare™ 4

with 2(71=02(?}_e£¢(g)- .{ﬁ_

$(n) is the phase of thediffracted wave front, which can be derived
from the wave front interferogram (cf. Chapter 3.4.1).

For a parallel wavefront without aberrations, ¢(n) = const.
It is further assumed that along the entire wave front of surface
A2, the amplitude 1s constant, that is, homogeneity reigns over
the efficiency and polarization characterlstics of the grating.

With (,?Z(?/E]_ 1t follows then for 02(/})

-

+a -
ugp) <[ My = 254



For the intensity distribution in the diffraction figure, normal-
ized 1n such a way that the total intensity is 1, it follows

Tp) = & ip) - 27) < f(4l) >

Variations from equidistant grating spacing, just as periodic,
statistical or linear errors in spacing or deviations from the
plane of the grating base (blank) or layers in which the grating
groves are produced lead to wave front aberrations A(n) or A(¢)
and thereby to deviations from the theoretical intensity dis-
tribution in the diffraction figure. In this way, this intensity
distribution is adulterated if J2¢, } 1s not constant over the
entlire beam aperture. f

Spectrographic diffractiongratings should therefore have the
following characteristics:

1. A high spacing accuracy, that is periodic, statistical
and linear spacing errors as limited as possible. Peri-
odic errors lead to grating artifacts, statistical errors
to broad deviations in the diffractionfigure, that is to
stray light over a large range or wavelengths. Extensive
linear errors in spacing over sections of the grating
lead to deviations from the theoretical line profile in
the neighborhood of the center. A linear spacing error _
over the entire grating surface leads to an astigmatism, /9
does not actually influence the spectral information,
but nevertheless causes a problem when, with the use of
the full spectral resolution, a sharp image perpendicular
to the dispersion direction should result.

2. A good optical quality of the base as well as of the
emulsion on the base in which the grating grooves are
produced.

3. Distinct section structures of the individual grooves in
combination with great sharpness of the edges, in order
to receive as much as possible of the light falling on
the grating in the desired diffractior order(blaze,
efficiency). Very sharp edges are furthermore important

in order to limit stray light.



4. Good homogeneity in the cross-sectional structures of
the 1ndividual grooves over the entire grating surface,
in order to obtain a constant Intensity over the entire
beam aperture.

The term apparatus profile used in the introduction should
8t1l1ll1l be explained:

Let Ig(B) be the intensity distribution measured in the spec-
trum in the focal plane, Iy(B') the true intensity distribution of
the spectrum to be investigated, not yet adulterated by the spec-
trograph. Let Ip{(B -~ B') be the intensity distribution in the
foecal plane which corresponds to a strongly moncchromatic wave.
This distribution, in the ideal case given by

I, o Afinig-g')2
SN AV EZY

is adulterated in practice by the influence of the finite width
of the entrance aperture as well as by wave front aberrations

caused by the grating, colllmator, and camera. I, is called the
apparatus profile. The measured intensity distribution is then
given by convolution of the true distribution with the apparatus

profile
+ 00 J
T(p) =T, 0 -p’) ol
Le(p)=[ T, 0) L (f-p") o
- 00
Until the year 1967, technically usable spectrographic /10

diffractiongratings were produced exclusively by mechanical means.
The techniques, results, and problems arlising are thoroughly
described in the handbook article by G.W. Stroke [5].

In mechanical techniques of grating production, the individual
grating grooves are cut one after the other with a dilamond in a
soft metal layer, preferably vaporized aluminum. Here, the follow-
ing Aifficulties arise. During the entire cutting process, extra-
ordinarily high demands are made on the mechanical and thermal
stability of the cutting machine. The required thermal stability
lies at about *0.001 to 0.005°C, the cutting times lie -- at a
cutting velocity of about 10 lines/min -~ for example at about 2
weeks for a grating with an edge length of 200 mm and 1200 lines/mm.
In order to atfain a high spacing accuracy, in particular to

10 -



eliminate periodic errors and the grating artifacts connected with
them, since 1950 one has begun to control the cutting process with
an interferometer. These technliques have indeed led largely to
the elimination of periodic errors, but have nevertheless allowed
the increase of statistical errors and the numerous weak satellite
lines ("grass™) distributed over a wide range of wavelengths,
which are associated with them.

A further difficulty with the mechanical methods lies in the
fact that the metal is not removed from a groove during the cut-
ting, but rather is pulled out of the groove, which in addition
to a deterioration 1n the efficiency leads to an increase in the
level of stray light, in particular during use of the grating
for short wavelengths.

The major difficulty of the mechanical technique 1is not
of a technological, but rather of a physical nature and 1lies in
the use of the cutting diamond. It thus seems impossible to cut
gratings in aluminum whose total groove length is greater than
30 to 40 km [8]. Thus, in MIT (Massachusetts Institute of
Technology, USA) the transition has been made to cutting large
gratings in gold layers, where the total groove length appears
to be 1limited to 70 to 80 km [9]. A total groove length of 72 ,
km corresponds to a grating of 200 x 300 mmc with 1200 lines/mm.

~
foud
e

With all the difficulties of the mechanical techniques, it
must nevertheless not be forgotten that in recent years, par-
ficularly in the working group of Dean Harrison at MIT with
the introduction of the "B" machine in 1969 and the "C" machine,
progress may have been made. Thus, in addition to a constant
improvement in the quality of small gratings, gratings can be
cut in gold layers up to 300 x 400 mm2 at 632 lines/mm [9], where
in any case at these sizes the use of the diamond shows already
that variations in the efficiency between 53 and 87% arise. An
interferogram of an Echelle grating of 200 x 370 mm2 published
by Harrison et al. [9]} shows in the red spectral region wave front
deviations of A/2 and is thereby not far from the quality for which
one must strive for astronomical uses.

One 1s therefore constantly concerned with improving mechani-
cal techniques further. Thus, a large grating laboratory with
several cutting machines for the construction of improved larger
gratings for astronomy, in particular improved Echelle gratings,
1s planned for construction at the Optical Science Center, Tuscon,
USA.

Due to the difficulties of mechanical grating production and
the high expenditures assoclated with 1t, attempts have not been
lacking to suggest other means for the construction of diffraction
gratings. Thus, 1t has already been suggested by Michelson, to

i1



obtaln gratings by the photographic engraving of interference
strips, and this 1dea has recently been taken up again. For
example, Ritschl and Polze [10] have constructed a grating with

a width of several.-mm and several thousand lines/mm in photo-
graphic emulsion with the ald of a Lloyd mirror adjustment
mechanism. Burch and Palmer [11] have bullt phetographic grat- ‘
ings up to a diameter of 15 inches, which are suitable for use /12
in measurement technology. Labeyrle [12] has proposed the con--
struction of gratings on bichromate gelatin emulsions or Daguerre
emulsions. All these proposals have nevertheless not led to

usable gratings for spectroscopy, since they do not fulfill the

four requirements named above. Burch and Palmer thus write that

the gratings built by them show very strong wave front deviations,
caused, among other things, by the 1rregularities in the emulsions
used, and low efficiency values.

The situation changed very rapidly when this author and D.
Rudolph, driven by the necessity of installing diffraction grat-
ings of high quality and as large as possible for large tele-
scopes, proposed the construction of diffraction gratings by
interferential means with the use of laser 1light and light-sensitive.
enamel (photoresistant emulsions) [13, 14].

This proposal has meanwhile led to diffraction gratings of
very high quality. It has been shown that in this way large
diffraction gratings of high quality can be built, that in
addition tc gratings for the visible spectral region gratings can
also be built for the ultraviolet and x-ray regions, that it is
possible to develop gratings with image forming characteristics,
in which the aberrations are smaller than those in c¢lassical con-
cave gratings, and that the method is also suitable for other
uses, for example, for the construction of highly accurate gradua-
tions for purposes of measurement [15, 16, 17, 18, 19, 20].

In the following, this method will be described together with
the experiments carried out in the laboratory of the Gottingen
University Observatory and the results achieved. A part of the
results presented here has already been published in the works
listed in the References section which were written by the author
with D. Rudolph. '

That we designate the method as a holographic method and
not simply as an interferential method has the following basis:
First, the hologram of an infinitely distant point is in its
structure a grating with equidistant spacings. Secondly, the
holographic method of observation has proven fruitful in the
method to be described for the increase of spacing accuracy by
means of the superposition of reconstructed, identical wave
fronts. Furthermore, the workings of gratings with image-forming
characteristics are more easily understood by the use of holo-
graphlic terms. :

12



3. HoloprraphiceDiffraction Gratings /14

3.1. Interference Field

3.1.1. Accuracy of the Interference Fleld

Under the assumption that in plane reflection gratings the
grating base (blank) and the thin layer on the grating base, 1n
which the individual grating grooves are produced, are ideally
plane, the spacing accuracy of the grating determines the accuracy
of thediffracted wave front. The spacing accuracy in holographic
gratings depends on the accuracy of the interference band system
used in the production of the grating.

If one superimposes two parallel coherent beams of wavelength
A running parallel to the plane of the paper (x, y -plane, cf. Fig.

3):

Sl(x.y,z) d a(xlyizl") ei¢4.

i ¢2.. and

Sz(x,y,z) = dz; (x,¥,2) e atl angle 2a

and forms the angle bisector B of these two beams with the normal
to the xz-plane running in the y direction, then an interference
“band system with interference bands parallel to the z direction
results in the xz plane, whose 1ntensity plot in the x direction,

with A = {02/ = const and B = /& /= const, is given by

I(x) - (OZei qﬁ" + ,Z;-ei ¢’-)( 6’[.*0';1 ¢" + 4 a'rre"':“‘ ;1'51_) -
= A% + B2 4 2 AB cos( c,ﬁ,, - gig,_)

Here P . '
qsl - "j{ X sin(« +/!)
and ¢2 - %ﬁ-x s8in(« "‘ﬂ)

and the distance between interference band maxima or minima is:

.- A ) A

‘.._.1 . = . oy [ rac/?

[Original equation cut off.] 13
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For 8 = 0 (symmetric construction) and A = 4000 A, the following
values result, for example:

al®] alu]l Lines/mm
1 10 100

1z 1 1000

80 ' 0.2 5000

» In an ideal plane grating, the grating constant a is con-
stant over the entire grating surface. Deviations in the grating
constant result in wave front aberrations A(n) in the refracted
wave flelds and thereby -- as has already been menticned in Chap-
" ter 2 -- deviations from the ideal intensity distribution in the
spectrum given by the diffraction fromgn error-free grating.

The production of an interference band system with exactly
equidistant values of a would presuppose the existence of an ideal
planar wave front, that is ideal parallel beams. This 1s not
possible for two reasons: First, the beam used to produce the
interference must be produced with the ald of optical components
such as lenses or mirrors and is therefore laden with errors.
Second, an ideal plane wave front would only be possible under /16
the assumption of infinite width. With a finite beam dlameter T
occurs a divergence of the beam caused by the diffraction.

14



In good spectroscopicdiffraction gratings, deviations in the
diffracted wave front of A%¥/20 to about A%*/5 are permissible —-- as
lonpg as they are not periodic -- where A¥ 1s the shortest wave-
length used.

We conslder a grating in a Littrow setup. Furthermore, let
the grating have a spacing error Af over the distance £, that 1is
alfter a distance & the position of a groove variles by AE from 1ts
ideal position. The deviation in the diffracted wave front over
the distance & 1s then (ef. 6, §48 ff.)

. A(q}- EAf sin-1’

This corresponds to a deviation in the phasé of

2o e i
Dl¢)=5 25§ sint

In the following table the permissible spacing errors Af are given
in um for various incidence and reflected angles and various wave
front aberrations for the wavelength A = 4000 A. : :

Alh 15° | 30° | 45° | 60°
A7y 0,19 | 0,10 | 0,07 | 0,08
* M40 ]0,08 | 0,04 | 0,03 | 0,02

Alyo0l0,04 | 0,02 0,00 | 0,01

-[Note: commas 1n numerals are equivalent to decimal points.].

The spacing accuracy must thereby be greater, the greater the
angle 1 is. This means, for example, that the greatest requirements
with respect to the spacing accuracy for an Echelle gratling must
be set. Furthermore, the requirements for gratings for the short-
wave spectral region are higher, thus, for example for vacuum (VA"
for longer wavelengths, for example, for the infrared spectral
region, correspondingly less stringent requirements are to be set.
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The question comes up of whether the values named above for /17
spacing accuracy can be reached in practice with holographic
gratings. In the first place, spacing errors in the interference
Tield and thereby i1n the grating could be caused by errors in
the optical elements, with which the plane waves of Fig. 3 are
produced. First to come into view thereby are zone errors, whilch,
for example, cause deviations of the wave front over a distance L.

A prating with wavelength A might be produced with an inter-
ference figure of 8 = 0 according to Fig. 3. If one illuminates
this grating, the base and carrier emulslions of which are presumed
to be ideally plane, with the beam Sp with retention of the geo-
metry in use during its production, 1l.e. with 1 = a, then ignoring
higher orders, three waves of the form

83 "{(x'y!z) ei¢2 +?"(xiy'lz) ei¢d +g(x,y,z) ei(2¢‘-"¢4)

are reconstructed. The second term of S3 is, up to an amplitude
factor, the reconstructed wave S] used in the production, and is
denoted as the +1st order of giffraction. If the grating 1s a
transmission grating, then these waves run in an extension of the
direction of S3; in a reflection grating, these waves run, due to
the assumption here that B = 0, in the opposite direction of Sp
(L' = a = 1). The grating-is therefore used in this case with
respect to the +1st order in the Littrow setup.

The first term of S3 is the Oth order, the third term the
=1lst order.

If the wave ;S =Q eiq"f has a wavefront aberration A{(n) in
the production of the grating, then the reconstructed wave @701¢W
also has the same aberration.

In general it can be said that the wave fronts used in the
production of a grating to be used in spectrographs in the first
order should have about the same quality as is required of the
diffractedwave fronts. (With respect to the maximal deviation,
the wave fronts used in production should have half as great an /1§
aberration as the diffractedwave fronts, relative to the r.m.s.
values of the aberrations, which aresmaller by a factor of v2.)

From what has been said, it follows that the quality of the
optics used in production does not need to be significantly better
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than the quality of the colllmator and crmern optles with wiich
the grating is to be installed In the spectroppaph. For the
construction of holographic pratings, whlceh are to be used in
lower orders, if possible the rirst, rood optical construction
elements, such as may be obtalned from optics plants, can be
installed. :

In order to bulld gratings whlch will be used in very high
orders (Echelle gratings) by holographlc means, the accuracy of
good optics 1s no longer sufficient. This 1s because, since for
a grating in a Littrow set up sin i = (mA)/(2a), for a grating
with the spacing error AL the wave front aberration o

AQp) = 20§ 04

follows. Since Af ~ a ( for a glilven wave front aberration in the
wave fronts used for production, Af grows linearly with growing
grating constant},

A(n) ~m

For an Echelle grating with, e.g., 100 lines/mm, which is used
under 60° for 5000 A in the 17th order, the aberration would thus
be 17 times greater than with the higher line density of a grating
built with the same beam, which would be used in the first order.
That 1t is nevertheless possible to attain the spacing accuracy
which is necessary for Echelle gratings by holographie means shall
be explained more closely later in the discussion of a differen-
tial holographic technique.

In addition to zone errors in the optics used in production
and the assoclated wave front aberrations in more or less large
areas of the beam cross section, the following further errors
occur. The two parallel beams used in Fig. 3 are in practice not
completely parallel. They show rather a finite divergence, which /19
in the best case may be reduced to the value tgy = A/mwg, the
limitation imposed by diffraction. Here, y is half the angle of
the opening, wg is half the beam diameter. 1In addition, a finite
divergence or convergence of the beam occurs due to adjustment
errors, as well as —— in the use of plane mirrors for the super-
position of the two parallel beams (cf. Fig. Ha) -- due to finite
and in general varying radii of curvature. _

The spacing errors due to the superposition of two slightly
divergent beams or to the superposition of one slightly divergent
and one slightly convergent beam has been thoroughly investigated
by the author with D. Rudolph [15]: For a grating with continuous
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spacing errors, one can in general write

Z(n)"na+2{;4hvﬂna+6

Here, & is the width of the grating up to the n-th groove, measured
from the center of the grating. The sum I 1is the deviation of the
n~th grating groove from its ideal position. For d2%/dn<, thus

for the variation of the grating groove spacing as a function of

n, it follows that

oA f Sy-1_ nY %
dnt "y Cv-2)!

The term §3 corresponds to a continuous linear spacing error and
leads to an astigmatism of the grating; higher terms of § influence
the spectral resolution possibilities.

If one superimposes two diverpgent or two convergent beams,
then the interference field may be described as a section from
cne sheet of a rotation hyperboloid of two sheets (hyperbola case).
If one superimposes a divergent beam with a convergent one, then
the interference fleld may be described as a section from one sheet
of a rotation ellipsoid (ellipse case). In [151 it is pointed out
that in the hyperbola case §1 = 0; thus the grating first has
errors in the second approximatlon, while 1n the ellipse case /20
§1 # 0.

In the following table, numerical values for A for both cases
are given, specifically for gratings of width W = 400 mm with
grating constants between 10 and 0.25 uym. In the hyperbola case,
we assume a beam with an ideal divergence limited by diffraction of
2y = 0.2", which has a diameter of 600 mm in the area of the grating.
The numerical values give the theoretlcally pocssible lower bounds
for the accuracy in the hyperbola case.

In the ellipse case, the same opening angle as above was

assumed for the divergent and the convergent beam. The numbers
hold for symmetric construction (B = 0, cf. Fig. 3).
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W e 2= 400 mm
Hyporbola Casc | Ellippe Case:

I/mm DLml Alpd
100 1 10°° 1,4
500 1 1078 0,3
1.000 1 10-8 0,1
2000 1 1078 5 1072
4000 2 1078 5107

The numerical values show that one should strive in practice
to realize, if possible, the hyperbola case, where significantly
greater values of y, as was assumed here, may be allowed. If,:for
example, one allows values for y which-are larger by a factor of
103 than those assumed abgve, then the A values in the above table
increase by the factor 100 to 1-2.10-2 pm, which still suffices
for good gratings.

3.1.2. Interference Arrangements

In Figs. la to Uc several possible interference arrangements
for the construction of holographic gratings are sketched. In /22
Fig. 4a, the laser beam L is expanded by the objective O and the
parabollc mirror P. With the aid of the plane mirror P1, the
desired interference band system is produced on the grating base
B in the plane E. The spatial filter S, consisting of an apertured
partition, the diameter of which i1s selected somewhat larger than
the diameter of the diffraction disk produced in the focal plane of
0, serves to filter out disturbing interferences, which arise in
the laser resonator and in the objective O.

Figure 4b shows a corresponding setup with two extra-axial
parabolic mirrors P. Figure Udc shows a design which is particularly
suitable for the construction of larger gratings for Coudé spec-
trographs. Here the divergent beam emanating from the objective 0
goes through a circular hole in the grating base B, the entire
surface area of which needs to be only a few percent of the total
grating surface area.

Setups which contain lens optics or separating plates behind
the spatial filters are disadvantageous due to the disturbing
interferences which arise. '
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3.1.3. Increase in the Spaclng, Accuracy by Means of Super-
position of Identical Wave Fronts

As was discussed in Chapter 3.1.1, the spaclng accuracy of
an interference field produced with good, commercially available
mirror optics with surface deviations 1n the range of A/20 are
completely sufficient fo the construction of holographic diffrac-
tion gratings to be used in the visible range of the spectrum
in the first or in a lower diffraction order. Since A{n) ~ m,
this is nevertheless no longer true for those gratings to be used
in high diffraction orders, since then zone errors 1n the optical
elements used in the production lead to large wave front aberra-
tions in the diffracted wave fronts at highdiffractionorders. In
order to increase the spacing accuracy, the author and D. Rudolph
have proposed the following method [16]: A high spacing accuracy
can be attained if -- as was explained in Chapter 3.1.1 -- waves
of equal divergence are superimposed.

“~
[AS)
il

|

One may consider all wave fronts with aberrations to be com-
posed of partial wave fronts with varying divergence. If, e.g.,
a plane wave produced with the mirror optics of Figs. 4a-c, which
have zone errors, shows a wave front aberration e over a distance
£ (ef. Fig. 5), then this aberration can be assoclated with an
angle 1} . For example, for £ = 2 cm and € = X/10 with » = 4000

A, ¢g is about 1.6".

iIf one succeeds 1n
superimposing two wave
- e fronts, the partial wave
: fronts of which have respec-

tively the same divergence,
' that is identical wave fronts,
I % then the high spacing
accuracy in the hyperbola
t case discussed above may
be obtained over the entire
/ L ‘surface area of the wave

¥

—

front and thereby over the
total surface area of the
grating.

Identical wave fronts
may be produced in the
following way by the recon-
struction of wave fronts
with the help of holograms:
A hologram Hip with the two
waves R1 and Ry is produced, as well as another hologram H3z with
the two waves R3 and Rp. If one illuminates the first hologram
with the wave Rj and the second with the wave R3, then aside from

Fig. 5.
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amplitude factors which are not of interest here, the wave Ry is
reconstructed twice. ™ If reflection holograms (reflection gratings)
are used as the holograms H)» and Hgp , then we must stilll take
into account that. errors occur in the reconstruction by means of /2“
reflection of the holoprams Hyp and H3zp, which arise from the

fact that the blanks or resistance emulsions of the holoprams Hjyp
and Hgp are not ideally plane. Thls effect can be taken into
account by impressing the surface error of the hologram Ho» in the
production of the hologram Hj2 by the wave Rp and the surlface area
of the hologram Hi2 in the production of the hologram H32 by the
wave Rp.

Figures 6 through 8 show a possible setup for the production
and superposition of two identlcal wave . fronts.

Fig. 6.

In Fig. 6, the laser beam L is divided by means of the half-
transmitting mirror 1. By means of mirror 2, the expansion optics
with spatial filter 3, and the extra-axlal parabolic mirror U
a quasi-parallel wave is produced, which after being reflected
by a metallized blank provided with a resistance emulsion 5 and
the mirror 6 is superimposed on a spherical wave at the blank 7,
which is produced by the mirror 8 and the expansion optics with
spatial fllter 9. These are developed and metallized in conJunc-
tion with the illumination of the photoresistant emulsion on

blank 7. /25

~
\e2}
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In the second step, c¢f. Flg. 7, hologram 7 with a reflective
coating is put in the place of blank 5 of Fig. 6. As in Fig. 6,
an interference figure is produced by way of the optical elements
1, 2, 3, 4, 7 and 6, as well as 1, 10, and 11 at the blank 5 wilth
reflective coating removed and provided with a resistant emulsion.
After the exposure and development of the resistant emulsion on
blank 5, the hologram 1s provided with a reflectlive goatlng.
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In the third step, cf. Fig. 8, the identical wave fronts Rp /26
are reconstructed by illumination of holograms 5 and 7 with the
spherical wave of the two +lst diffraction orders of holograms 5
and 7 used in their production, and are superimposed for the pro-
duction of grating 12. Interchanging the two blanks 5 and 7 in
Figs. 6 and 7 thus serves to impress the surface errors of the
holograms used later in the reconstruction on the respective wave
fronts used in the production. Mirror 6 1s necessary in order
to guarantee the nonreversed superposition of the waves.

In experiments with wave fronts with a dlameter of 50 mm,
we were able to show that by the above-described method involving
the superposition of identical waveifronts, which had wave front
aberrations with respect to ideal plane waves of about 5i, gratings
could be produced, the refracted wave fronts of which in the first
diffraction order in illumination with good plane waves showed wave
front deviations of only A/20. This constitutes an accuracy gailn
of two orders of magnitude and shows that in the range of wave
front abberations named above, the spacing accuracy is practically
independent of the quality of the optical elements used in the
production of the interference figure.

3.1.4. Requirements fori:the Monochromatism of the Laser
Light and for Frequency and Wavelength Stability

Until now, strongly monochromatic light has been assumed
for the production of the interference fields. However, laser
lines have a finite spectral width, and are thus not strongly
monochromatic. This has the effect that the contrast in the
interference Tigure

I -1
K = max min

Imax + Imin

decreases with a growing wavelength difference A of the two
interfering beams. Here, I, is the intensity of the interference

maxima, I " the intensity of the interference minima of the

min?®
interference field. ‘For A = 0, K = 1 in the best case. If, for /27
example, two beams, gained by the division of a single laser

beam, have the wavelength difference 0 at point x = 0 in Fig. 3,
than at point x = £ = W/2 for 8 = 0 they show the wavelength
difference A = Wsina/2. The plot of the decrease in the contrasts
of the interference bands with lncreasing wavelength differences
depends on the width of the spectral lines used and on their

shape, which is given by the expansion mechanism (ef., for example,
[21].5 42). 1If one calls the greatest wavelength difference for
which the contrast has sunk to K = 0.2 the coherence length L,
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then for a ripght angular spectral line of width T (Tt measured

in sec-l), L = 2me/t follows. For a spectral line with a Doppler
profile of half width t,L = 1l.lwe/1 follows. For a pure dispersion
profile with the half width 1, L = 0.78n/1 follows.

Since the profiles of the laser lines of an argon lon laser,
as was used for the experiments described here (e¢f. Chapter 3.3.2),
are given by the Doppler effect, pressure expanslon, magnetic
expansion, saturatlon effects and periodlc wandering of the point
of wavelength concentration, caused by changes in the laser cavity
confipguration due to changes in the temperature, we set L = me/71
for the following observations. For a grating with W = 400 mm
and 2000 lines/mm, thus sina = 0.4579, A = 92 mm in a wavelength
of 579 A used in a laser line of the argon ion laser. If 1f 1s
further required that the contrast should only change by <5% from
the center to the edge of the grating, then a required coherence
link of L ~ 10A follows; thus, in our example, L ~ 920 mm. From
this follows for L = me/t that T ~ 109 Hz. For smaller gratings
or gratings with a lower line density, the requirements are natur-
ally correspondingly less.

In addition to a limited half-width of the spectral lines
used, a high wavelength or frequency stablility of the polint of
concentration of the spectral line is necessary.

We consider the plane y = 0 in Fig. 3. For the change in /28
the separatlons at the inferference maxima in relation to the
change of the wavelength used, we get:

da _ dr _ dy

o« A Y

If one holds the total number of interference maxima 2N constant
and these 2N maxima cover a distance W = 28 in the x direction,
then under the assumption that 8 = 0 and that the wavelength
difference of the two rays S; and Sy is equal to zero at the point
x = 0, then '

o . W

Aé A LA Ly
£ vV

Let vg be the point of frequency concentration of the laser lines
at the time tg, vg + dv the frequency at the time tg + dt. Then
dt 1s the time which is necessary for an exposure in the constructlon
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of a grating. In order to obtain a sufficiently good spacing
acecuracy 1in the grating to be bullt, 1t 1s required that the N
interference maximum should shift in frequency during the time
dt by no more than a/10, i.e.

de = 22 ¢ - 2V 4.

2
I 4 AT

With the above numerical example, with 28 = W = 400 mm and a =
= 0.5 pym, and with d¢ = a/10 for the permlssible relative change
in frequency, 1t follows that

dy _a 07
Y a0l = 2210

and with A = 4579 A or v = 0.66-101° Hz, -

8 Hz = 160 MH=z

dv = 1.6-10
Such a high frequency stability and a very small line width can
be obtained by filtering out individual axial modes of the laser
with the aid of an etalon. This 1s explained 1n the description
of the experiment in Chapter 3.3.2. '

Even when light of constant freguency can be emitted from
the laser, periodic variations in the wavelength in the space
between the laser and the location of the grating to be buillt,
and thereby periodic variations in the interference field, can be /29
caused if the index of diffraction of the air is changed due to
temperature and pressure variations.

Since)‘l/l2 =.n2/n1, it follows that

L= 1 - 1y
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Here, ny, p,f 1s thediffraction index of the ailr depending on the
temperature, pressure and water vapor pressure, and the index

of diffraction of air for T = 15° and p 760 mm Hg, T the tempera-
ture 1n °C, p the pressure in mm Hg, f the water vapor pressure

in mm Hg and A the wavelength in A, At T = 20°C, p = 760 mm Hg
and £ = 7 mm Hg, a change in the water vapor pressure Af = 0.1

mm Hg causes a change An/n < 1-10-8. & change in the pressure

of Ap = 0.1 mm Hg causes a change An/n = 4.10-8, a temperature
change AT = 0.1°C causes a relatlve change in the diffraction
index An/n 1-10~7.

According to information from the Gottingen Weather Bureau,
varlations in the water vapor pressure of about Af = 0.2 mm Hg
per day arise, and are therefore not of concern for the periods
of time dt < 30 min of interest here. In addition, the pressure
variations occurring on normal days of <0.1 mm Hg/hour =-- derived
from pressure measurements with a mercury siphon barometer -- can
also be ignored. Only pressure variations associated with the
passing of a storm front could have a noticeable influence on the
stability of the interference field.

Temperature variations have the greatest influence on the
changes in the index of diffraction. Thus, the temperature stabilli-
zatlon of the interference area can not be ignored. ‘

3.2. Photoresistant Emulsions 7 /30

While it 1s not possible with normal gelatin-based photo-
graphic emulsions to fulfill the four requirements named in Chap-
ter 2 for spectrographic diffractiongratings, namely first a high
spacing accuracy, second, a good optiecal quallty of the surface,
third, a well-defined cross-sectional structure of the individual
lines, and fourth, good homogeneity of the cross-sectional struc-
tures, this may be achieved with the ald of photoresistant emul-
sions (light sensitlve enamels). .
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Photoresistant emulsions, which are used in particular in
the technology of microminiaturized circults in electronles, may
be best described by the sum of their characteristics. Thereby
we shall here limilt ourselves to positively acting emulslons, in
particular the reslstant emulsion AZ 1350, since the experiments
described below were carried out with this resistant emulsion.

In positively acting resistant emulsions, during 1llumina-
tion with short-wave light (A < 4800 A), solubility differences
between the illuminated and unilluminated parts are produced such
that the illuminated parts are more soluble than the unilluminated
parts in suitable solvents such as, e.g., caustic soda. In the
photo enamel used here, the light sensitivity i1s due to the fact
that a polymer diazo bond 1s destroyed by illumination. The
chemical details shall not be gone into here. Decisive for thils
use is that this breakdown occurs in molecular structures under
the influence of light and the emulsions thereby act practically
grainless. On the other hand, this has the result that the energy
necessary for "picture production" must be obtained from the light
used for illumination, in contrast to normal photography, in which
a large part of the energy used for picture production comes from
the developer as chemical energy. Resistant emulsions are there-
fore, relative to normal photographic emulslons, very insensitive. /31

Photoresistant emulsions may be applied in optlcal quality
on suitable bases, such as finished flat glass plates, in thin
layers with thicknesses in the range of about 0.01 uym to a few um.
This can, for example, happen by pouring the photo enamel, which
at first is in liquid form, on the substratum and then setting
the substratum in rapid rotation. Besides this centrifugal coating
it 1s also possible to apply the emulsion by means of spraying or
immersion.

Photo enamels form -- again in contrast to normal photographic
emulsions -~ completely distortion-free layers, since they are not
hygroscopic. This freedom from distortion is a necessity for main-
taining a spacing accuracy suitable to an interference field in
an emulsion.

In Fig. 9, the means of action of positively acting photo-
resistant emulsions 1s schematically presented. In Fig. 9a, is a
resistant emulsion on a base, which in Fig. 9b is illuminated with
a band-shaped pattern. After the illumination, the emulsion is
developed in a sultable solvent with the result given in Fig. 9c¢, /32
in which the illuminated portions of the emulsion have thus been
dlssolved out.
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Figpure 10 shows the experimentally determined dependence of
the modulation depth d@ on the illumination for the photoresistant
emulsion AZ 1350 and a developing time of 15 sec¢ 1in concentrated
AZ 1350 developer. For the illumination, the laser line U579 A
was used. The depth d was determined wilth the aid of a top
1l1lumination microscope with a multiple beam interference setup
according to Tolansky.

To obtain a depth d = 0.2 um, an energy depth of about 200-10%
erg/em2- is thus required. For comparison: The very fine-grained
Scientia emulsions 8E56 and 8E75 used a great deal in holography
with a resolution capability of about 3000 lines/mm require for
the 11lumination of a normal hologram an energy densiEy of 200
erg/cm? and are thus more sensitive by a factor of 10

Greater modulation depths for AZ 1350 by illumination with /33
the same energy density may be attained by various means, that is
first by an extension of the developlng time or the use of a
stronger developer, and second by 1llumlnatlon with light of a
shorter wavelength.

If, for example, one increases the developing time by a
factor of 4 to 1 minute with the energy density of Fig. 10, then
modulation depths twice as large may be attalned. By the use of
the AZ developer E 303 a sensitivity inerease by a factor of 5
may be attained with suitable dilution. In any case, in both
methods the glass surface of the blank to be coated must be very
carefully handled, in order to guarantee a sufficient adhesion of
the emulsion during the development.

The sensitivity of the AZ 1350 inereases very rapidly for
radiation of short wavelength, for example, in the transition
from A = 4500 A to XA = 3500 A by about an order of magnitude,
while it has already fallen by about an order of magnitude for = /34
the wavelength A = 5000 A with respect to A = U500 A. With
respect to the sensitivity of the phoftoresistant emulsion, it
- would thus be very effective to use UV laser lines.

The emulsion thickness to be applied on a blank may be varied
by means of the dilution ratio of the photoresistant emulsion and
by means of the number of revolutions during the centrifuging..
Fipure 11 shows experimentally determined values of the emulsion
thickness, which were obtained with blanks of size 50 x 50 mme .

3.3. Experiments

3.3.1. Construction of the Experimental Sétup, Température
and Vibration Stabilization

The grating experiments were carried out in the optical
30
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laboratory (garden laboratory) of the Géttingen Observatory. A
5.8 x 2.8 m? large experimentation room (interference room) is
separated from the laboratory room and contains from earlier work
an optical bench of surface area 4.4 x 0.6 mé. This optical
bench is concrete and has its foundation set deep in the ground,
and already offers a good presumption of vibration-free experi-
mental superstructures. However, as experiments with interfero-
meter structures showed, too strong tremors still occurred, pri-
marily caused by heavy traffic on neighboring streets. Thus,

to obtaln a better freedom from vibration, a 700 kg heavy, 3.5 m
long, 1 m broad and 0.1 m high plate of concrete stone (terrazo)
was placed on the concrete bench on damping elements. The Judge-
ment of the freedom from vibration followed visually with the

aid of interferometer setups.

In order to guarantee in the interference space that the

temperature variations AT are smaller than about 0.1°C (ef.
Chapter 3.1.4), we proceeded in the following manner:
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In the interference area, a 5 x 1.8 m? large and 2 m high /35
chamber was built around the optical bench, the walls and deck
of which consilsted of two 19 mm strong wood boards with a 40 mm
Strong porous layer sandwlched between them. In order to attailn
constant temperatures in the chamber with respect to both time
and location, thils passive isolation was completed with a tempera-
ture control system constructed by the K. Weiss Company, Glessen.

This system consisted of a temperature control unit for the
interference chamber and an alr conditioner for the laboratory
room. The temperature control unit consisted of a salt-water
temperature control unit and five salt water - air heat exchangers,
of which four were located in the chamber on the base and one above
the chamber. The alr 1n the chamber was led through the salt water
-alr heat exchanger with the aid of the heat eXchanger blowers.

In the heat exchangers were systems of pipes, through which salt
water of controlled temperature flowed. The salt water was cooled
or heated in the salt water thermostat tank of the salt water tem-
perature control unit corresponding to the desired temperature and
circulated by a pump. The salt water temperature, and thereby the
temperature in the chamber can be continuously set on a contact
thermometer. The air conditioner in the laboratory room serves to
dispose of the heat arising from the temperature control unit and
to hold the temperature in the laboratory room constant to within
about *1.5°C. ‘

Measurements of the temperature variations in the chamber
give the following values: During operation of the temperature
control unit, no temperature differences greater than 0.05 to
0.1°C could be measured with a mercury thermometer in the area of
Interest 1 m above the optical bench. The measurement limita-
tions were thus given by the thermometer. In addition, measure-
ments were carriled out, in which the temperature contrel unit
was turned off for 15 min. These measurements showed likewise no
temperature differences greater than 0.1°C over a period of 30 min.

More exact measurements were undertaken with the aid of a
resistance thermometer, which has been developed by the Fraunhofer
Institute in Freiburg for seelng experiments for solar telescopes.
Figure 12a shows the temperature variations with respect to time
caused by regular variations while the temperature control unit
was running, measured with a resistance thermometer at a fixed
point 30 cm above the optical bench. Figure 12b shows the tem-
perature plot with respect to time at the same measurement point
after the temperature control unit had been turned off and 5
min had passed.

The measurements in Fig. 12b show that at a fixed poiﬁt of

measurement the periodic temperature variations over a period of
15 min are less than 0.01°C. These measurements were also
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confirmed by observation with interference bands, which were pro-
duced in the chamber with the aid of an interferometer setup and
were reflected through a small window from the chamber 1into the
laboratory room. The interference bands stood completely still
for a long period; striation was lilkewise not observed.

It will also be mentioned at this point that the temperature
control undertaken here is likewise well suited for the large spec- /37
trograph rooms, as are used in stellar and solar spectroscopy,
where it 1s important to guarantee as small as possible a defor-
mation of the incident wave fronts.

3.3.2. Argon lon Laser, Frequency Stabillzation

Due to the great coherence length required of the light used
in producing the gratings and due to the limited sensitivity of
the photoresistant emulslons, 1t was necessary to use a very
powerful, coherent light source, thus a laser. Since the sensi-
tivity of the resistant emulsion used fell<off in the range between
A = 3500 A to A = 5000 A by about two orders of magnitude, it was
furthermore necessary to use a laser with lines 1n the blue or
ultraviolet spectral region.

For the experiments a powerful argon ion laser was use€d,
Model 53 A from the Coherent Radiatlion Company, USA. The device
is a direct current stimulated, continuously working laser, which
by the use of argon in the plasma tube emits lines of ionized
argon in the range from A = 4545 A to A = 5145 A. The individual
lines were selected by a prism in the resonator. The system has
a cavity resonator length of 145 em. The resonator is closed off
with a plane mirror and a mirror with a radius of curvature of
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3 m. By sultable design of the resonator and the mirrors, the
producer took care that the laser radiated only in the transversal
round mode TEMpg (c¢f., for example, [23]). The beam cross section
had a CGaussian iIntensity distribution and a dlameter, measured at
the points at whieh the intensity had sunk to 1/e2, of 1.5 mm.

The beam divergence was 0.6 millirad. Since the laser oscillates
only in TEMgp, 1t 1s thus guaranteed that the light has constant
phase along the beam surface perpendicular to the direction of Li&
expansion. The laser can be driven with a plasma current of 10

to 40 A. The gas pressure in ‘the laser cavity is about 300 mTorr. .
To increase the emission efficiency, an axial magnetic field of
about 1 kilogauss prevalled in the plasma cavity.

For the experiments described here, the laser llne with wave-
length A = 4579 A was used, which with a plasma current of 35 A
had a power of about 450 mW. The two strongest laser lines at
the wavelengths X = 4880 A and X = 5145 A, each of which had
powers of several watts, were not used because the product of
the power of the laser llne times the sensitivity of the resist-
ant emulsion was greater for the line A = 4579 A. With the use
of special UV resonator mirrors, the laser also showed lines at
the wavelengths A = 3511 A and A = 3638 A, each with an output
power of 50 to 75 mW. However, for the experiments described
here, no UV lines were used. '

In Chapter 3.1.4%, a half-width of the laser lines of T ~ 109
Hz was required. In additlon, it was required that the relative
frequency variation dv/v of the concentration point of the llne
should not be larger than about 2.5:10"7, The plasma temperature
of the argon laser used here was about 3000°K [24]}, i.e., that
the Doppler curve for argon atoms at the wavelength A = 4579 A
already shows a half-width of 3.6-109 Hz. On this is superimposed
a Zeeman splitting of the lines due to the magnetic field in the
plasma on the order of magnitude

AV:_{‘:’- ‘é"g'

Y

For a flux density & = 1 kilogauss, Av = #1.7-109 Hz. A

laser line expanded to thils degree by temperature and magnetle
field is thus significantly too broad for the requirements named
above,

However, as is well known, laser emission is not continuous
over such an expanded line, but rather 1ls separated in discrete
frequencies, whose separations are given by Av = c¢/2R;, under the
presumption TEMgg created here. Here, ¢ 1s the veloclty of light, /39
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Ri, is the resonator length. The dilscrete frequencies for a trans-
versal mode, which are thus among those given by Doppler and Zee-
man expansion, one calls axlal mgdes. For Ry, = 145 cm, thelr
frequency separation 4v = 0.1.107 Hz = 100 MH=z.

By the installation of an etalon in the resonator [24], 1t
is possible to cause the laser to osclllate 1n only a single
axial mode. Such an etalon, which can be made from, e.g., quartz
or Cer-Vit, is a frequency-selective, continuously tunable trans-
mission fillter, whose adjustment must be so selected that only
one axial mode is allowed to pass, thus that very large losses are
introduced even for nelghboring modes. The contilnuous adjust-
ability 1s required in order to attain maximal light power from
the laser.

The frequency v or the wavelength Am for which the etalon

max ax

transmission i1s at a maximum. is a function of the inclination
(angle between the normals of the etalon and of the resonator axls)
and the index of diffractionn between the two reflecting surfaces
of the etalon. By changing the etalon inclination, the etalon can
therefore be continuously adjusted. Thus an angle of about 0.25°
is required for a frequency of about 5 GHz for a quartz etalon with
n = 1.46. Another possibility for continuous adjustment lies in
using the temperature to_cause a change In the index of diffraction
For quartz, dn/dT = 10~ 5/° From this * follows according to

[24] a change in Viax of 4.3 109 Hz/°C. It has proven advantageous

to keep the inclination as small as possible (~20"), in order to
eliminate reflectlon losses as far as possible and to bring the
transmission maximum of the etalon into colncidence with the maxli-
mum of the envelope of the lines by means of temperature adjust-
ment.

For the grating experiments, the frequency stabilization was
undertaken with an uncoated quartz etalon, which was placed in a
temperature-stabilized housing (oven stabilized etalon). The fre- iﬂg
quency stabllity was tested with an optical spectrum analyzer -- a
confocal scanning interferometer -- with a free spectral range of
1500 MHz and was found to be Av = *75 MHz during operaticn of the
laser with a plasma current of 30 A during a measuring period of
30 min. For this stability it was necessary that the temperature
around the laser be held constant to within *1.5°C with the aid
of the room air conditioner, and that vibration of the laser be
largely eliminated. This was achieved by placing the laser on a
concrete plate, which sat on damping elements on a stable iron
table.

With the etalon a maximal 60% of the output power produced

by the laser with equal plasma current and gas pressure without
the etalon was attained in the line X = 4579 A .
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The frequency stabllity achieved of #75 MHz 1s better by
more than a factor of 2 than that asked in Chapter 3.1.4. The
width of an axial mode filtered out in this manner 1s only a
fraction of this value, thus glving a coherence length of several
meters, :

Fig. 13. Argdn ion laser.

Figure 13 shows the argon ion laser. Since the housing of
the laser head reached a temperature of up to about 40°C in spite
of water cooling, the laser had to be placed outslde the inter-
ference chamber.

3.3.3. Production of the Planar Reflection Grating, Con-
struction of the Optical Elements

The construction of the planar reflection grating followed
with the optical setup according to Fig. l4a, Chapter 3.1.2. For
gratings up to an edge length of 50 mm, a spherlcal mirror with
the aperture ratio D/f = 1:10, D = 150 mm, and a 50 x 50 mm?
plane mirror were used. For gratings up to 100 mm edge length,
a spherical mirror with D/f = 1:10 and D = 300 mm and a plane
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mirror with a 150 mm diameter were used; for gratings up to a
200 mm edge length, a parabolic mirror with D/f = 1:5.3, D =

= 450 mm, and a plane mirror with a diameter of 250 or 330 mm.
The optlcal elements are set in very massive mountings, in order
to avoid creeping movements, etec. durlng the illumination pericd.
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Fig. 14. Optical structures on the optical bench in
the interference chamber.

Figure 14 shows the assembly of the optical elements on the éﬂg
optical bench used in the construction of plane gratings up to an
edge length of 200 mm. In the background, the 450 mm parabolic
mirror is visible, in the foreground, the back side of the plane
mirror, in the middle, a mounting for expansion optics and spatial
filters, and in the foreground on the right, a spectrum analyzer.

The expanslon of the laser beam through the objective 0 follows
in such a way that the lntensity of the parallel beam reflected from

the spherical or parabolic mirror P shows deviations of <5% at
the edge.

The glass plates (blanks) on which the grating were produced
were handled in the following manner: First, a red absorbent
enamel was poured on the back side, which after drylng hindered
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the reflection of the laser light passing through the blank
during the illumination and thereby eliminated disturbing inter-
ferences. The front side of the plate was heated in a vaporiza-
tion plant and was coated with a thin chrome emulsion by the use
of very thin AZ layers with d < 0.3 um. The emulsion was appliled
to the blank thus prepared by means of centrifuging. That the
resistant emulsions may be applied in completely even layers of
optical qualitfy by means of centrifuging -- indeed, by a combina-
tion of centrifugal force and surface tension -- was verified
with an Interferometer.

The layer thicknesses of the photoresidtant emulsion used
were determined according to the respective prating constants.
In the gratings to be described in Chapter 3.4, the emulsion
thicknesses were selected in the following manner: These gratings
have, as was shown in 3.4.3, largely symmetric cross sections of
the individual grating grooves. The emulslon thickness was experi-
mentally determined for these cross sectlions, so that the grating
showed optimal ' efficiency in both of the firstdiffraction orders
during use in Littrow arrangement in the visible region of the
spectrum. As absolute efficiency, one indicates here the ratio
of the intensity of the light refracted in the diffraction orders .
investigated to the 1ntensity of the incident light. However, for /U3
reflection gratings relative efficiency values were given. For -
this, the intensity of the incldent!light was multiplied by the
reflecting capability of the metal used for reflecting. :

The relationship between efficiency and symmetric cross-
sectional shapes, as 1t appllies to holographilc gratings, was
investigated theoretically by Maystre and Petit [25].

The 1llumination of the coated blanks followed -- as explained
«— Wwith the laser line A = 4579 A with the use of an etalon.’ In
order to obtain reproducible results, the illumination time was
controlled with an integrator.

Before the grating experiments, the temperature of the inter-
ference chamber was controlled about 24 hours, in order to bring
the optical bench, mountings, mirror and chamber air to the same
temperature. After this preparation, a temperature adjustment
lasting only about 5 min was necessary between the individual experi-
ments after lnspection of the chamber. The argon ion laser
required 1 hour in operation before the laser beam was stable in
location and had a constant 1intensity. ¢

The experlments were carried out wlth power densities of the
laser light in the interference figure of 50 to 300 uW/cm2. The
11lumination times lasted up to 15 min, the developing time for -
immersion development 1in concentrated AZ developer, 10 to 45 sec.
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After developing, the emulsions were rinsed in dilstilled water,
and after drying in warm air, they were coated with aluminum.

Although, as was shown in Chapter 3.4, good efficiency values
and also acceptable polarization ratios for gratings with symmetrl-
cal groove profiles may be obtained, in particular with relatively
high groove densitiles for the visible spectral range, 1t 1s worth-
while investigating the question of the extent to which asymmetrilc
grooves may be produced in holographic gratings. This may be
done directly -- as test experiments have shown -- by making the /44
angle 8 in Fig. 3 very large. Another possibllity consists of
the following. With thin emulsions transmission gratings 1in metal
on glass may be produced according to Fig. 9 by coating the 11luml-
nated and developed emulsion in Fig. %c with chromium and then
removing the remaining resistant emulsion in a solvent. Thereby,
the metal on the resistant emulsion is removed with it; in the
intervening spaces, the metal remains attached to the glass. If
such transmission gratings, which have very sharply defined indi-
vidual bands, are copied onto resistant emulsions, then distinct
asymmetric cross sections may be produced thereby. In test experi--
ments, we succeeded in producing such gratings with echelle struc-
tures in this way, which had relative efficlency values of up to
60%. However, since the distance between the surface of the trans-
mission grating and the reslstant emulsion in whilch the grooves
are to be produced by copylng must be maintained exactly, such
experiments are difficult. A third possibility for obtaining
asymmetric cross-sectional structures consists in principle in
using the nonlinearity of the characteristic curve of Fig. 10.

3.4, Test Results for Planar Reflection Gratings

3.4.1. Apparatus Profile, Stray Light, Freedom from Artifacts

The test results presented in Chapter 3.4.1 and 3.4.2 were
obtained with gratings which were constructed by the author
according to the methods described above. The grating tests were
carried out on the autocollimation spectrograph of the Géttingen
sun tower. The collimator camera objective of the spectrograph
had a focal length of 8 m. The spectrograph had a photoelectric
recording unit [26], in which for the spectrometric measurements
described here, the 1P21 photomultiplier normally used for llnear
recording was replaced by a cooled RCA multliplier of type C 31034, /45
The multiplier had a gallium-arsenide photocathode, which 1n the
wavelength range from 3000 to 8000 A had a quantum efficiency of
15% on the average. As light sources were used an uncooled,
several lsotope mercury lamp, a cooled, single 1sotope mercury
lamp and the sun.
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Fig. 15. Holographic diffractiongrating.

Fig. 16. Grating with rotation table and auto~
collimation objective in the spectrograph.



FMgure 15 shows a planar reflection grating with a width éﬂé
petween 40 and 180 mm and a holographic concave grating (cf.
Chapter 3.5) with a dlameter of 350 mm. Figure 16 shows the
grating with which Figs. 22, 23, and 25 were obtained, 1installed
in the spectrograph.

Flgure 17 shows a
recording of the emission

198 - line A = 5461 A of_the
Hg 5L5]fﬂ21 mercury isotope Hglgg. The
' 100x 80mm grating with 2300 lines/mm
: had a width W = 100 mm.
I ﬂ 2300 {/mm The height of the grating
lines was 80 mm, measured

in the first diffraction

. order. The entry aperture

‘ was 40 um, the recording

: aperture 15 um, the linear
dispersion, 2.36 mm/Av .Under
the assumption that the line
of the mercury lamp is
infinitely small,that infinitely

, . . : - . small entry and recording
B kﬁb ' apertures are used and that
o uﬁﬁy , ﬁmﬁ the spectrograph optics are

: . | : : perfect, for an ideal grat-
180 0 100 ﬂlA E ing -- thus a grating show-

ing complete theoretical
resolution capabllities --
the effective width A = Wcosl
of the half-width of the

Fig. 17. Line profile, taken with recording line in the focal

a single isotope mercury lamp. ?iggi igngzi gbig?tive with

- = A

wGi " 0’86 _A&'fo

In order to check to what extent the theoretical resolution
capabllity is obtained, these values must be distorted with the
finite aperture width and the finite line wildth of the light
source and compared with the observed value. Under the assump-
tion that the half-widths add quadratically,

2 _ ., 2 2 2 ,. 2
W ‘wGi + WES + WRS +WL
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Fig. 18. Hyperfine structure of the mercury line
A = 4358 A, first order.

Here, w = the half-width of the single lsotope line to be expec-
ted with an ideal grating, '
WegsWpg = width of the entry and recording apertures,
N T half-width of the spectral 1line of the lamp. According

to the manufacturer, it is about 3 mA.

With the data give, results w = 26 mA with a measured half-

width Woens = 27 + 1 mA., The grating therefore has full theoreti-

cal resclution capabilities. The recordlng shows no asymmetry of
the line profile.

Figures 18 and 19 show recordings of the hyperfine structure

of the lines A = 4358 A and X = 5461 A, carried out with the same -
grating in the first diffraction order.
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Fig. 19. Hyperfine structure of the mercury line
A = 5461 A, first order.

Figure 20 shows a stray light recording of the grating of /4
Figs. 17 to 19 in the line A = 5461 A in the first order. The =
size of the entry and exit apertures (recording aperture) was
0.2 mm. One sees that the stray light has sunk very quickly to
10-5 of the central intensity, which is a sign of very limited
statistical spacing errors. As was to be expected, no grating
artifacts occurred; thus, no perlodic spacing errors.

For comparlson, two gratings produced by conventlonal methods
were tested in the same spectrograph for stray light and arti-
facts. The older of the gratings -~ dating from the 1950s -- in-
deed showed a similar stray light plot, but very strong grating
artifacts. The second, a grating cut mechanically under inter-
ferometric control from the 1960s, ‘indeed showed significantly
mere limited gratling artifacts, however, a continuous stray light
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Fig. 20. Stray light recording of the grating of
Figs. 17 to 19.

background ("grass') of 10-% of the central intensity due to in-
creased statistical spacing errors. Meanwhile, better stray

light values have been obtained in mechanically produced gratings,
in particular 1n those with relatively low line density. However,
what we are concerned with here is to show that it is now possible
to produce completely artifact~free gratings with limlted stray
light and largely symmetric apparatus profiles, as are necessary
for astronomic absorption spectroscopy, by holographic means with-

out larger expenditures for cleanliness of the working conditions,
ete.

It was further tested which percentage of the intensity of
a recorded emission line appeared in the flanks of the line. We
found that -- measured from the firstdiffraction minimum -~ the

flanks contained only 7 to 8% of the total intensity, compared with
5% in the theoretical case.

The measured profile and stray light values lead us to expect
that the residual intensities of strong Fraunhofer lines in the
solar spectrum may be determined in a relatively unadulterated
form. Thus, with the same grating with which the recordings of /50
Flgs. 17 to 20 were obtalned, the solar spectrum in the region
of the NaD lines was recorded. As can be taken from Fig. 21, the
residual intensity I, of the line NaDp 1s I, = 0.06 Ig (Ig =
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= intensity in the line center, Ix = intensity in the surrounding
continuum), although the bandwidth of the light entering through
the entry aperture during the measurement was about 2500 A. In
comparison, the unadulterated value, measured by Wadell [27] with
a spectrograph with double passage, is I, = 0.044 Iy, while NaDjp
is given a residual intensity of I. = 0.12 Ig 1iIn the well-known
Utrecht Atlas des Sconnenspektrums EAtlas of the Solar Spectral.

J=lgk

N

Na O

10 + —t
5690 - _ 5696
A (4]

Fig. 21. Recording of the solar spéctrum in the region
of the sodium resonance lines. The recording was taken
in the middle of the solar disk.

Figures 22 and 23 show recordings of the hyperfine structure
of the mercury lines A = 4358 A and A = 5461 A in the second
diffraction order, obtained with a grating with 1465 lines/mm, an
edge length of W = 180 mm and a groove length of 130 mm. The
theoretical resolution capability of the grating in the second /52
order is A/AA = N.m = 5.25-10°., Figure 22, recorded with a
linear dispersion of 3 mm/A shows that both components e and g,
which are 13 mA apart, are clearly separated. The measured half-

widths of the single isotope components -are Woeas =12 £ 1 mA.

Since the spectrograph obJectlve used has a diameter of only

160 mm, in this recording at 1 = i' = 39.7°, an area of 6% of

the total area was cut off at the four edges of the grating. From
the measured separation capabilities of the grating the cutoff
corners, etc. may be further derived under conslderation of the
finite aperture width, so that the grating has full theoretical
resolution capabilities. With wgpg = 20 um, Wpg = 10 um, wp o 12 uym =

= 4 mA’ (uncooled lamp) afid wg, = 1.06-0.86:(A/A)f = 24 ym = 8 maA,

we get w = 11 mA in agreement with the measured value w
= 12 + 1 mA. ‘

meas
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Fig. 22. Hyperfine structure of the mercury line
A = U358 A, second order.

While the determination of the resolution capability from
the separation of two neighboring lines or from the measurement
of half-widths gives 'necessary information over the quality of
the grating only in connection with an investigation of the
flanks of the line 1n the neighborhood of the line center (a
grating with strong flanks and a large amount of stray light can
likewise have a high spectral resolution capability), one can
directly Judge the quality of angrating qualitatively and also
quantitatively with the aid of a wave front 1nterferogram.

Wave front. interferograms can be obtained by installing a

diffractiongrating in place of one mirror in an arm of a Michelson
interferometer 1n a Littrow setup. In the interferocgram, a
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Flg 23. Hyperfine structure of the mercury line
5461 A, second order.

deviation from a bandwidth (distance between twe maxima or minima)
then corresponds to a wave front aberration of A/2.

Since only a small dividing plate was avallable for the pro-
duction of wave front interferograms for these experiments, only
gratings up to a width of W cosi = 50 mm could be investigated with /53
a Michelson Iinterferometer setup. For larger gratings, the follow-
ing grating interferometer setup was thus used (Fig. 24).
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Fig. 24. Grating interferométe} from the production of
wave front interferograms.

In Fig. 24, a part of the parallel beam S1 produced by the
objective O and the parabolic mirror P falls on the grating G
which is so adjusted that a first order S» is reflected in the
direction of the beam Sy (first arm of the interferometer). The
0-th order of the grating Gj, the beam 83 (second arm of the
interferometer) falls on the grating Go Eo be investligated, which
can be investigated in the 0-th, 1st, etc. orders, depending on
the rotation of the grating. The interfering beams S, and Sy,
which pass by way of the mirror P and the separating plate TP,
produce the interferogram, which can be made visible and photo-
graphed in plane E. (We shall not go into multiple beam inter-
ference effects, caused by multiple reflection between Gy and
G».) Thils setup presumes that grating G1 has an error free grating
spacing. This was tested for these experiments by replacing Go éiﬂ
with a mirror with a diameter of 250 mm, which showed maximal
surface deviations of 200 A over a diameter of 180 mm. The
testing of thils mirror was done by the PTB, Braunschwelg.

‘ Figure 2% shows an interferogram obtained in such a way, with
the grating of Fig. 16; indeed, the area of the grating used in
recordlng Fig. 22 1s shown. The corners were -- as explained --
cut off by the spectrograph obJective which was too small. The
interferogram, taken with the wavelength A = 4579 A in the first
giffpaction order, shows that the wave front deviations are nA/8.
The..greatest deviatlons occur at the edge and can be traced to
lnsufficient quality of the edge zones of the plane mirror used

in the grating reduction.

According to Chapter 2, the amplitude distribution, and

thereby the intensity distribution in the focal plane, can be
derived through numerical integration from the phase distribution,
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Fié. 25. Wave front interferogram of the grating from
Fig. 16. ‘

read from the wave front Interferogram. However, such investiga- /54
tions were not undertaken in the scope of this work.

3.4.2. Astigmatism

If the beams being superimposed 1in Fig. 3 have varying diver-
gences, caused for example by finitely differing radii of curvature
of the plane mirrors used for production of the plane waves, then
in the first approximation a linear spacing error occurs in the
grating which is made noticeable 1n wave front interferograms by
c¢lrcular Moiré bands.

As 1is known, astigmatism does not lead to a deterioration of
the spectral resolution, but rather to a focus difference between
the vertical and horizontal focus depending on the angles 1 and i',
and therefore to a broadening of the spectrum. While small
astigmatism values may be allowed in star spectroscopy, this does
not hold for solar physical uses, when 1n addition to a high spec-
tral resolution a sharp picture -- for example, of granules -- is.
required along the aperture height.

Even with the use of ideal plane mirrors, strong grating
astigmatisms can be produced with the use of the setup of Fig. la
for grating production. For the parabolic mirror with D = 450 mm
and D/f = 1:5.3 used for larger plane gratings, the Rayleigh-
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Strehl tolerance in the focal length is éAf] = 2(r/D)2+x for
the wavelenpgth A = 4579 A is only 26 um. With poor

adjustment of the distance between mirror and spatial filter,

& divergence of the plane waves produced, which is toco large,
appears. If the grating is now produced in a very nonsymmetric
setup (large 8 in Fig. 3), then the portions of the plane waves

31 and S used in the grating productlon show varylng divergence

and thus produce an astigmatism. Thils can be avoided by pro-
gressively improving the adjustment of parabolic mirror and
spatial filter, or by using a symmetric construction with 8 ~ 0 /56
instead and thereby superimposing identical wave fronts. In

the latter case, the adjustment of the parabolliec mirror and

spatial filter is completely uncritical.

. Astigmatism 1n a grating can furthermore have the cause that
the grating blank has a finite radius of curvature.

From a circular course of the interference bands in an inter-
" ferogram, one can derive the deviation in fhe focus of a system
consisting of an astigmatic grating plus camera with respect to
the system of an iddal gratling plus camera. According to Stroke
(ecf. [5] §57), this focus difference 1is

lag] - B-A-({-)'Z*

Here, & 1s the deviation in the diffractedwave front at the edge
of the grating from a plane wave, A = W cosl, and f is the
camera focal length.

Figure 25 shows that for this grating Af is smaller than the
Rayleign uncertainty (A = A/H). A test in the spectrograph con-
firmed this finding. A determination of the vertical and horizon- /57
tal focus in the wavelength A = 4358 A in the +2nd and -2nd .
diffraction orders showed that all four focus values agreed to
within the Rayleigh uncertailnty of 3 mm. This grating 1s there-
fore, for practical purposes, free of astigmatism. -

Figure 26 shows an interferogram of a grating with 1200 lines/
/mm and W = 100 mm, which exhibits a limited astigmatism. The
interferogram was produced in the +1st diffraction order with the
wavelength A = 4579 A, thus at 1 = 16°. The wave front devliation
gives Af &~ 10 mm in correspondence with measurements on spectro-
graphs.

7
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Fig. 26. Interferogram of an astigmatlc grating.

.

3.4.3. Efficiency, Groove Cross Section

Figures 27 and 28 show relative efficiency values plotted
against the wavelength measured in the firstdiffarction order
for reflection gratings with symmetrical groove Cross sectlions.
The measurements were —-- in the course of a project for a
diploma -- carried out on a spectrometer designed and built for
this purpose by Mr. H. Mikelskis. E|| or EL mean that the elec-

trical vector runs parallel or perpendicular to the grating grooves.
All measurements were carrled out in a Littrow setup.

The gratings were produced 1n a symmetrical setup with resis-
tant emulsions, whose thicknesses were about 0.2 times the gratling
constant.

Figures 29 and 30 show photographs of the grating grooves of
a grating with the data and characteristics of the grating of
Fig. 27, taken with an electron scan microscope. Figure 29 demon-
strates that the individual grating grooves have a very high
edge sharpness; Fig. 30 gives an impression of the groove shape.

The efficiency curves show that 1in both cases the values lle
over 50%, with maximal values of 60% in unpolarized light over a
wavelength region about 2000 A. One can see that in both cases the /5
efficiency maximum occurring lies 1n the range 0.85 a < A < a, /5
in good correspondence with theoretical investigations by Maystre _"
and Petit [25]. '
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Fig. 29. Photoéraph of grating grooves with an electron
scan microscope, a = 0.63 um. The distortion occcurring
has its source in the microscope.

Fig. 30. Photograph of the grating grooves at a cut,
seen from the side, a = 0,63 um. .
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The possibililty thus arises of systematlcally varylng the
desired efficiency maximum 1n holographic gratings 1n the first
diffraction order by the selection of the llne density. Within
the scope of this work, we shall not report on such attempts
which depend on the productlon of nonsymmetric groove profiles,
or on their results, since these attempts are still too much
in the beginning stages.

3.5. Gratings with Image-Forming Characteristics

Classical concave gratings, thus gratings which combine
dispersing and image-forming characteristics, have grating
grooves with equidlistant spacings along a chord of the spherical
blank. Holography now offers the possibility of producing, in
addition to such classical concave gratings, also those with non-
equidistant grooves. The advantage over classlcal concave grat-
ings lies in that due to the nonequidistant grooves the aberra-
tions occurring can be limited, and in particular for three points
a stigmatic image can be obtained. The principle of such gratings
1s explained on the basis of Fig. 31.

Fig. 31. For the constructlion of holographle concave
gratings with nonequldistant groove spacings.
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During the production of gratings, divergent coherent beams
of the producing wavelength Ay emanate from 0 and A'. The inter-
ference fipure produced 1s fixed on a resistant emulsion applied
on the spherical blank with radius of curvature R of the grating
G to be produced. If, after applying a reflective coating, the
grating 1s irradiated in the same setup from A' with a polychromatic
divergent beam, then the wavelength Mg in O and the wavelength
2AH4 in A' are stigmatically focused, which due to the holographic ZQ;
reconstructlion is to be seen as direct. As Murty and Das have
shown [28, 29], a third stigmatic point A, in which the wavelength
(m+1)-2yg 1s stigmatically focused, exists if AO0 = m-R and A'O =
= R/m. A circle with three points 0, A', and A with the given
characteristics 1s called a Circle of Apollinius. The line H
goes through all beams emanating from a grating groove and 1s
thus the horizontal focus (sagittal focus), the line V,the verti-

cal focus (tangential focus).

Fig. 32. Comparison of the astigmatism of a classical
concave grating with that of a holographic concave grat-
ing with three stigmatic points.

In Flg. 32, the astigmatism of a classical concave grating

is compared with that of a holographic concave grating with three
stigmatic points. Fig. 32a shows a classical concave grating in

a Runge-Meissner setup, as is used on the Gottlngen sun tower and

on the Géttingen field station, the Institute for Solar Research

in Orselina-Locarno [26]. The grating has 600 lines/mm, a wildth

of 138 mm, a height of 55 mm, and a radius of curvature R = 665

cm. The longwave end of the spectrum in the setup plctured at égg
5800 A lies in the grating normal. There, the difference between

vertical and horizontal focus is 160 em. It 1ncreases even
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further toward short wavelengths. TI'lg. 32b shows a holographic
grating with nonequldistant groove spacings, which 1n the center
of the grating has the same grating constant as the classical
grating. In 1t, m = R/0OA' = 3.47, the wavelength used in produc-
tion is A = 4579 A. If one uses this grating with the entry
aperture at A', then between A' and 0, the wavelength range from
9158 A to 4579 A has a llnear dispersion of 0.42 mm/A. The
maximum focus difference occurring between the vertical and hori-
zontal focus 1is about 30 cm in this range. In the center, the
astligmatism is smaller than in the classical case by an order

of magnitude.

In the example named, the aperture ratio D/f = 1:48., 1In
systems with a higher light amplitude, the aberrations increase ééi
very rapidly in the range between the stigmatic polnts. In sys-
tems with a very high light amplitude, one can no longer speak of
a defined vertical focus there. For a holographic concave grating
of the type mentioned with D/f = 1:6 and D = 1 m, the width of a
monochromatic image in vertical focus 1n the range of the greatest
aberration is, e.g., between 0 and A', 2 mm at a linear dispersion
of 0.67 mm/Al One must therefore be limited to a small wavelength
range around the stigmatic points. Expressions for the aberrations
occurring in such gratings have been given by Cordelle et al. [19].

In astronomical spectroscopy, one can advantageously install .
holographic concave gratings for the visible spectral region -- e.g.
in solar physics for medium spectral resolution -- where concave
gratings have previously been used. Thereby, the grating surface
area and/or aperture ratios:ican be 1ncreased with respect to
classical concave gratings. For high resolutions, such systems
are only to be installed for a very small spectral range, and
there form, in any case, very compact, space~saving instruments,
which, for example, can be installed for the investigation of
interstellar 1lines.

Such gratings will find their primary use in the spectral
range for which already primarily concave gratings are used,
namely in vacuum UV in space research. However, we shall not go
more deeply into thig here, or into concave gratings for reflec-
tive incidence for x-ray astronomical uses.

Since one only requires divergent beams for the production
of holographlc concave gratings with nonequidistant groove spacings,
these are easler to construct than plane gratings. ‘In the Got-
tingen laboratory, we have already succeeded 1n produclng concave
gratings with a diameter of up to 350 mm.
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3.6. Holographic Diffraction Gratings for Coudé Speectrographs in
Large Reflecting Telescopes

In the introduction it was 1ndicated that for the case of
optimal fit of a spectrograph on a telescope, i.e., for the case
where no stellar light at the entry aperture of the spectrograph
was lost, the size A-tgl is determining in the use of the grating
in Littrow setups. This case is obviously always to be striven
for, but it can not be reallzed in all cases, however, as the
numerical example in Chapter 1 has already shown. For the case
where the view disk 1s larger than the entry aperture (large
telescope, hlgh spectral resclution, and thereby large llnear
disperson), the determining size is (A-tgi)2. We shall not again
go into the individual cases, which were thoroughly investigated
by Bowen [30] and thoroughly presented several times {(cf., for
example, [31, 32, 331).

It is important that for all cases arlsing in practice in
star spectroscopy of medium and high resolutiocon, the quantity
A-tgi may be made as high as desired. This can be achieved with
holographic gratings by using a hlgh line density and thereby
a relatively large angle i. Thus, for a grating which is used
with 2000 lines/mm for A = 5000 A in the filrst diffraction order, -
i = 30°, For the example from Chapter 1, in which a spectro-
graph was supposedly coptimally attached fo a 2.2 m telescope
with the requlred resolution of R = 5-10”, a dlameter of the col-
limator beam of A = 46 cm and a grating width of W = A/cosi =
53 em resulted. -

Since we were able to show in Chapter 3.4 that holographic
gratings with high 1llne densities had very good spectral charac-
teristics and good efficiency values, the question should be
investigated at the end of how large holographic plane gratings
can be constructed with the current state of laser and photo- /65
resistant emulsion development. 15 min was assumed as a praectical
illumination time for the construction, as was noted as the maxi-
mum for plane gratings up to 180 mm edge length in the experiments
to date. At constant 1llumination time, the product of laser
power and resistant emulsion sensitivity must be 1necreased linearly
with inereasing grating surface area.

By the use of UV laser lines, the product of laser power and
sensitivity can be increased by an order of magnitude over the
experiments to date, since meanwhlle lasers have become available
which have the same power in a UV line as the system used here
with the line X = k579 A, and the resistant emulsion used, as was
explained in Chapter 3.2, is more sensitive by an order of magni-
tude in the area of X = 3500 A than at the wavelength A = U579 A,
As was explained in Chapter 3.2, 1t is furthermore possible to
increase the sensitivity of the resistant emulsion by a factor of
5 over the experiments to date by the use of another develoner.
In all, as far as the laser power and resistant emulsion
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sensltivity are concerned, the grating surface area can thus be
increased by a factor of 50, and the grating width thus by a
factor of 7. The frequency stabllity attained ~~ transferred to
UV lines, which, according to informatlon from the laser manu-
facturer,is posslble -- according to Chapter 3.3.2 gives the
possibility of producing about 2:100 lines. That thus glves,

at 2000 lines/mm, a grating width of 100 em. The setup of

FPig. b4¢ would be best sulted as an optlical arrangement for the
realization of such gratings.

However, since such large gratings in Coudé spectrographs
require correspondingly large collimators and in the use of a
large spectral range, very large cameras, it appears meaningful
for the near future to concentrate on the construction of holo-
graphic plane gratings with width in the approximate range 40
cm < W < 60 em for Coudé spectrographs for large reflecting

telescopes.
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